We designed a follow-up program to find the spectroscopic properties of the HerculesAquila Cloud (HAC) and test scenarios for its formation. We measured the radial velocities (RVs) of 45 RR Lyrae in the southern portion of the HAC using the facilities at the MDM observatory, producing the first large sample of velocities in the HAC. We found a double-peaked distribution in RVs, skewed slightly to negative velocities. We compared both the morphology of HAC projected onto the plane of the sky and the distribution of velocities in this structure outlined by RR Lyrae and other tracer populations at different distances to N-body simulations. We found that the behaviour is characteristic of an old, well-mixed accretion event with small apo-galactic radius.
INTRODUCTION
The halo of the Milky Way contains clear evidence of the merging processes that contributed to its formation: in the past 20 years, large numbers of stellar tracers from deep, wide-field imaging surveys have uncovered at least 20 streams and 6 cloud-like structures (for a list see Belokurov 2013 and Carlin 2016 ) lurking within a -previously thought-smooth Halo. These structures are predicted by models of hierarchical ΛCDM galaxy formation (e.g. Steinmetz & Navarro 2002; Bullock & Johnston 2005) which produce shells when satellites are accreted on nearradial orbits (see e.g. Hendel & Johnston 2015; Pop et al. 2017) and streams when satellites have more circular orbits (Johnston et al. 2008 ). Many efforts have been dedicated to the study of Galactic stellar streams but in recent years there has been an increased focus on the less studied and understood shells. While shells are frequently observed in external galaxies (see e.g. NGC 747 and 7600 in Turnbull et al. 1999 ) only few candidates have been found in the Milky Way, which, when viewed from an internal ⋆ email: isimion@shao.ac.cn perspective, take the shape of cloud-like, irregular, stellar overdensities. Candidate examples of these structure include the Triangulum-Andromeda stellar clouds, TriAnd1 and TriAnd2 (e.g. Sheffield et al. 2014; Price-Whelan et al. 2015) , the Virgo Overdensity (e.g. Carlin et al. 2012; Duffau et al. 2014; Vivas et al. 2016) , the Pisces Overdensity (e.g. Watkins et al. 2009 ), the Eridanus-Phoenix Overdensity (Li et al. 2016 ) and the Hercules-Aquila Cloud (e.g. Belokurov et al. 2007; Simion et al. 2014) .
The Hercules Aquila Cloud (HAC) was first discovered by Belokurov et al. (2007) as a Main Sequence Turnoff (MSTO) overdensity of stars in the Sloan Digital Sky Survey (SDSS) and it was described as a cloud because of its observed morphology. MSTO stars reveal a large structure beyond the Bulge, at line of sight distances larger than 10 kpc with a huge sky coverage between 20
• < l < 70
• and b up to ±50
• . However, the full extent of the Cloud was unknown: close to the Galactic plane (|b| < 20
• ) the data is compromised by extinction and, in the Southern Hemisphere, only two SDSS DR5 stripes cross the field at two constant longitudes, l = 31
• and 50
• . The more contiguous SDSS sky coverage in the North (b> 20
• ), allowed Belokurov et al. (2007) to estimate the velocity of the North-ern HAC (vGSR ∼ 180 km/s) and its metallicity, concluding the HAC was somewhat more metal rich than the M92 globular cluster ([Fe/H] M92 = -2.2 dex). RR Lyrae are reliable tracers of halo substructure thanks to their well defined Period-Luminosity metallicity relation which allows for accurate distance determinations, with less than 10% uncertainty. Several studies using RR Lyrae (Watkins et al. 2009; Sesar et al. 2010; Simion et al. 2014; Iorio et al. 2018 ) from SDSS, Catalina Schmidt Survey (CSS) and Gaia+2MASS have helped build a map of the Cloud at intermediate latitudes, confirming it is asymmetric with respect to the Galactic plane: Simion et al. (2014) found a significant RRL overdensity in the Southern Cloud (8σ level) at 17 kpc from the Sun, while in the Northern Hemisphere the structure was barely mappable (3σ level significance) possibly due to the larger presence of interstellar dust (see the extinction contours in figure 3 , Simion et al. 2014) . The HAC RR Lyrae stars are mainly of type Oo I or fall in the Oosterhoff gap indicating the HAC progenitor resembles the main Halo population (Sesar et al. 2010; Simion et al. 2014 ). An early metallicity measurement (Watkins et al. 2009 ) using RR Lyrae from Stripe 82, indicates the Southern HAC is slightly more metal rich than the Halo, with [Fe/H] = −1.42 ± 0.24 dex; however, the velocity distribution of the MSTO stars in Stripe 82, is broad and mainly dominated by the thick disc contamination, at 100 km/s (Watkins et al. 2009, figure 17) , not providing a clear measurement of the velocity distribution of this halo substructure. Before the distance to the Cloud was confirmed with RR Lyrae, Larsen et al. (2008 Larsen et al. ( , 2011 ) reported a structure between ∼ 1 -6 kpc from the Sun that was dubbed the "Hercules Thick Disk Cloud." Larsen et al. (2011) suggested that the overdensity seen by Belokurov et al. (2007) was actually an artifact of the background-subtraction method and that the true stellar overdensity is actually part of the Disc. It has since been established the HAC resides in the Halo (see e.g. references in the previous paragraph) but its formation mechanism is not known. Recent studies with M giants have explored the possibility that some of the low-latitude Cloudlike structures (TriAnd1, TriAnd2 and Virgo Overdensity) with similar morphology to the HAC have originated in the Milky Way Disc and are made up by kicked-off stars from the Galactic Plane (Johnston et al. 2017 and references therein). However, there have been no reports of M giant stars in the HAC, which, unlike the RR Lyrae, are abundant in the Galactic Disc. M giant stars are younger and more metal rich than the RR Lyrae and it is not surprising these different tracers do not trace the same structures (e.g. TriAnd contains M giants but not RR Lyrae). The strong presence of the typically old (older than 10 Gyrs) and metal poor RR Lyrae population indicates the HAC is probably related to an old accretion event instead, and does not originate from Disc stars.
We have designed a spectroscopic follow-up program of the CSS RR Lyrae that lie in the peak of the Southern Hemisphere excess to investigate the kinematic signature of the Cloud. We show that in addition to a halo population modeled with a Gaussian, the observed velocity distribution requires two additional Gaussians; the peaks are situated at moderately large negative and positive radial velocities, and we interpret these components to be part of the Cloud.
While the RR Lyrae are the ideal tracers for the Southern HAC because of their accurate distances and complete sky coverage, we also use Blue Horizontal Branch (BHBs) stars, Blue Stragglers (BS) and K giants from SDSS (which covers only a small area of the Southern HAC) to study their phase space distribution in the HAC.
The BHBs, as the RR Lyrae, are located on the Horizontal Branch in the Hertzsprung-Russell diagram; similarly, they are bright (Mg ∼ +0.7 mag), old, metalpoor stars, therefore good tracers of halo substructure (e.g. Deason et al. 2014 ). The HAC is revealed by the BHBs population in the Southern Galactic hemisphere section of the celestial equator (SDSS, Stripe 82) at (l,b)∼ (50
• , −30 • ) and ∼ 18 kpc (figure 6, Vickers et al. 2012) . The BS, on the other hand, are main-sequence stars with a wide range of absolute magnitudes that vary with metallicity, rendering their distance estimates much less accurate; even so, they have also been successfully used in Galactic halo studies (e.g. Deason et al. 2011 ) and we decide to use them together with the BHBs to investigate the velocity signature of the Southern HAC.
Unlike the aforementioned tracers, the intrinsic luminosities of K giants vary by two orders of magnitude, with colour and luminosity depending on stellar age and metallicity, leading to significant distance uncertainty. However, they have been used to quantify the level of substructure in the halo and the measurements are consistent with the BHBs results over the same ranges of distances (Xue et al. 2014) , leading us to believe that the phase space distribution of BHBs and K giants in the HAC should be comparable.
The paper is organised as follows: in Section 2 we describe the RR Lyrae selection criteria for spectroscopic follow-up, data reduction, velocity determination and the sample of SDSS tracers (BS, BHBs and K giants); in Section 3 we discuss the multi-Gaussian decomposition of the velocity distribution and in Section 4 we interpret the results with the help of N-body simulations; finally, we summarise our conclusions in Section 5.
DATA
The spectroscopic data originates from two sources, the CSS RR Lyrae follow-up program we have specifically designed to investigate the HAC and the SDSS/Sloan Extension for Galactic Understanding and Exploration (SEGUE) stellar spectra catalog.
The RR Lyrae follow-up program

Targets selection: MDM
The spectroscopic candidates were selected from the CSS catalogs (table 1 in Drake et al. 2013a and table 2 in Drake et al. 2013b ) to lie in the peak of the HAC RRab excess in the Southern Hemisphere at 28
• and 15 < D/kpc < 20 (Simion et al. 2014 ). In total, we obtained 225 candidates, at least ∼34% of which belong to the Cloud. The percentage was estimated comparing the number of observations to number of counts model predictions (see also figure 4 , Simion et al. 2014 
Observations
The observations were taken with the Modular Spectrograph (ModSpec) on the 2.4 m Hiltner telescope at the MDM observatory during six nights (labeled 'n1' to 'n6' in the tables of this manuscript) between the 29 th of August 2014 and the 3 rd of September 2014. Nights 'n3' and 'n4' were not fully used for observations because of technical problems and bad weather. In total, we took 54 observations marked in light blue circles (final catalog) and cyan triangles (unused targets) which we show in Galactic coordinates in Figure 1 .
The spectrograph was set-up with a 600 grooves/mm grating, central wavelength of 5300Å, and wavelength coverage from 3800Å to 7300Å and resolution of R = 1700. The detector was a 2048 × 2048 pixels CCD with 15 micron pixels. The wavelength coverage of the spectrograph allowed us to detect the H δ , Hγ, H β , Hα Balmer lines (4102Å, 4341Å, 4861Å, 6563Å) and [OI] atmospheric emission lines (e.g., 5577Å and 6300Å), useful for checking for possible RV offsets. Given the resolution of the spectrograph and the dispersion of ∼ 2Å/pixel the radial velocities could be measured accurately up to 10 km/s precision.
The range of magnitudes required to probe heliocentric distances between 15 to 20 kpc with RR Lyrae is 16.5 < V0/ mag < 17.5 and to achieve a signal to noise of ∼ 20 per pixel with our instrument set-up an integration time of ∼ 750 seconds is needed.
To limit the integration time we only observed targets brighter than V < 17.5 mag, which meant observing preferentially closer targets. In practice, we used total integration times between 900 and 1800 seconds, depending on the seeing, airmass and target brightness.
To determine the wavelength solution, neon, xeon, argon and mercury comparison lamp spectra were taken throughout the night, specifically after long telescope slews to account for telescope flexure. In addition, a flat field (quartz lamp) and bias frames were obtained each night. 
Data reduction
The data reduction was performed using a collection of IRAF tasks and Python routines. Preprocessing of the spectra was carried out using the IRAF ccdproc task. Variations in the bias level along the CCD chip were removed using the overscan strip on a frame by frame basis. Biases were taken at the beginning and end of each night to verify that there are no significant drifts in the pedestal level. To correct for pixel-to-pixel sensitivity variations in the detector we divided each data frame by the normalised flat, which was created by fitting a low order polynomial to the median combined flats using the response task. To increase the signal to noise of some exposures, three spectra were typically observed and co-added. The IRAF apall and identify tasks were used for one dimensional spectral extraction and wavelength calibration. We applied the dispersion solution using the dispcor task and to correct for the Earth's motion with respect to the barycentre of the solar system we used the rvcorrect task. The [OI] night sky emission lines were used to check for any systematic offsets in radial velocities for each night. We calculated the overall level of stability of our radial velocities (∼10 km/s on average) individually for each night (see Table 1 ) and include it as systematic error in the total error budget of radial velocities given in Table 2 .
Velocity determination and spectral fitting
To determine the heliocentric RV of each star we used a direct pixel-fitting method (e.g. Cappellari & Emsellem 2004; Koleva et al. 2009; Koposov et al. 2011) in which the spectrum was modeled with a template multiplying a normalising polynomial of degree N (equation 2 in Koposov et al. 2011 ) and we found that N = 15 worked well for all targets. A sample of 90 templates were chosen from a library of synthetic spectra (Munari et al. 2005 ) with stellar atmospheric parameters that match the typical properties of RR Lyrae: −2.5 < [Fe/H] < -0.5; [α/Fe] = 0.4; 5,500 < T eff /K < 7,500; 2.0 < log(g) < 4.0 Smith (2004) . We modeled two regions of the spectrum, one centred on H β (4811 -4911Å) and one on Hα (6512 -6612Å), shown in blue in Figure 2 for the 'HAC11' target. The H δ and Hγ lines are discernible in this figure but for most stars they are too weak to be included in the fitting procedure.
We follow the method described in detail by Koposov et al. (2011) . The χ 2 value was computed from a grid of templates and radial velocities v between -600 and +400 km/s with a step of 1 km/s. The best fit template and RV are the ones that minimise χ 2 . In column 7 of Table 2 we report the velocities v we obtained for each star. The uncertainty in the best fit v was determined from the second derivative of the chi square function with respect to the RV near the minimum, σ fit = 1/ 0.5 d 2 χ 2 /dv 2 .
Systemic velocities
RR Lyrae are pulsating variable stars and to find their systemic velocity vsys (the center-of-mass RV), we need to subtract the velocity due to envelope pulsations
(1) from the measured velocity v. Arv is the amplitude of the radial velocity curve, T (φ obs ) is the template radial velocity curve which describes the changes in RV as a function of pulsation phase and φ obs is the phase at the time of the observation. This method was successfully employed in recent years by e.g. Drake et al. (2013a) , Vivas et al. (2016) and Ablimit & Zhao (2017) on SDSS, SOAR, WIYN and LAM-OST spectra and is described into detail by Sesar (2012) . The phase of each star at the time of the observation is given by
where η is the ephemeris (the MJD of maximum brightness), P is the period of the light curve and MJD obs is the Modified Julian Date at the time of the observation (Drake et al. 2013a ). The RVs vary rapidly at low and high φ, so we remove targets with phases φ obs < 0.1 or φ obs > 0.85 (marked by * in Tables 2 and shown with cyan triangles in Figure 1 ) from further analysis. Two of the stars with 'extreme' phases, HAC211 and HAC197, were observed twice and we include in the table only the measurement with 0.1 < φ obs < 0.85. The only target observed twice at borderline 'acceptable' phases is HAC195 and the velocity measurements from the two nights, vGSR = −253.2 ± 15 km/s (n1, φ obs = 0.09) and vGSR = −244 ± 13 km/s (n2, φ obs = 0.50), agree within one sigma.
Knowing the phase at which we observed the RRL with ModSpec, we then calculate the values of the template RV curves Tα(φ obs ) and T β (φ obs ) obtained from measurements of Hα and H β lines, assuming that at phase of 0.27 the RV is equal to the systemic velocity (see Sheffield et al. 2018) . A α rv and A β rv , are obtained from equations 3 and 4 in Sesar (2012) which provide their relation to the V-band light curves amplitudes AV . Because the Balmer lines form at different heights in the stellar atmosphere and have different velocities as a function of pulsation phase, the most precise systemic velocity should be obtained by averaging the systemic velocities that are measured from individual lines (Sesar 2012; Sesar et al. 2013 ). However, because our stars are faint, we simultaneously fit the Hα and H β lines with the template spectrum to obtain v, from which we then subtract the velocity due to pulsations v puls (Equation 1) calculated from two Balmer lines. Sesar (2012) estimate the level of uncertainty introduced by using more than one Balmer line in a cross-correlation and their figure 3 shows the standard deviation of radial velocities of various Balmer lines as a function of phase for RR Lyrae stars with different V-band amplitudes (the solid line shows the uncertainty when the Hα and H β lines are used). In general, the uncertainty in velocity introduced by using more than one Balmer line is lowest for phases earlier than 0.6, and it decreases with increasing V-band amplitude; from figure 3 (Sesar 2012), we roughly approximate it with: σ puls = 2 km/s for φ obs < 0.4 , σ puls = 0 km/s for φ obs ≈ 0.5 and a linear increase from σ puls =0 to 14 km/s for 0.5 < φ obs < 0.95. The final error reported in last column of Table 2 is σ = σ Drake et al. (2013a) published a catalog of CSS RR Lyrae with SDSS spectra. One of these stars is within our selection criteria for the HAC candidates and we include it in the RRL sample (it is listed on last line of Table 2 and marked in dark blue in Figure 1 ).
SDSS/SEGUE tracers selection
SDSS RR Lyrae
Blue Horizontal Branch Stars
We select a subsample of BHBs (yellow circles in Figure 1 ) from the catalog provided by Xue et al. (2011) , with 12 < D/kpc < 20, 25
• , at distances Z < −5 kpc below the Galactic Plane to minimise Disc contamination, and obtain N = 70 targets. We relax the distance range used for RR Lyrae because the full extent of the HAC debris is not well constrained and, as mentioned in the introduction, different stellar populations do not always trace the same structures. In addition, the SDSS covers a smaller section of the HAC in comparison with our follow up survey (Figure 1 ).
Blue Stragglers
We select BS from SDSS/SEGUE (DR9) by their temperature, 7500 < T eff /K < 9300, and surface gravity, 4.0 < log(g) < 4.6 (see Figure 2 in Belokurov 2013). Kinman et al. (1994) derived an absolute magnitude-colour-metallicity relation which we used to estimate Mg by adopting the SEGUE metallicity values for stars with [F e/H] < −0.8 dex where the transformations are valid. We obtained Mg ≈ 2.7 Table 2 . Properties of the program stars observed at the MDM observatory. 225 HAC candidates were selected from CSS, using the following selection criterium: 28 • < l < 55 • , -45 • < b <-20 • , V <17.5 mag, 15< D/kpc< 20. In total we made 57 observations and 3 targets were observed twice; 45 of the observations had phases 0.1 < φ obs < 0.85 while 9 (maked with a * in the table and with cyan triangles in Figure 1 ) fell outside this range and were discarded because their pulsation velocity corrections are uncertain. One of the 225 HAC candidates was observed by SDSS (deep blue circle in Figure 1 ) and we include it in our sample. mag, ∼2 magnitudes fainter than the BHBs, signifying that the BSs are poor tracers of halo substructure at large distances; moreover, the magnitude-metallicity dependence introduces high uncertainties in the distance determination as shown by the error bars in the bottom left panel of Figure 3 . The upper/lower limit of the error bars in the figure indicate the distance of the BS at a metallicity of -1/-2.5 dex .
In the Heliocentric distance range 15 < D/kpc< 20, where we found the RR Lyrae excess, there are only 5 spectroscopically observed BSs. However, due to significant errors in BS distances and limited SDSS sky coverage, we loosen the selection criteria to a wider range of Heliocentric distances 10 < D/kpc < 20, within 25
• < l < 60 • , −50
• < b < −20 • and Z < −5 kpc.
K giants
Xue et al. (2014) compiled a catalog of 6036 K giants with stellar atmospheric parameters and distance determinations, most of which are members of the Milky Way's stellar halo. We chose the HAC candidates (green circles in Figure 1 ) to lie at distances between 12 < D/kpc< 20. To minimise contamination from thick disc dwarfs in our sample we only selected stars with a probability (provided by Xue et al. 2014) higher than 80% of clearly being red-giant branch stars and Z < −5 kpc.
RESULTS: VELOCITY DISTRIBUTION OF THE HAC
In this section we explore the HAC kinematic signature revealed by the tracers selected in Section 2. The RR Lyrae and BS galactocentric velocities (vGSR) were converted from heliocentric velocities using equation 5 in Xue et al. (2008) for consistency with the Xue et al. (2011 Xue et al. ( , 2014 catalogs which use the same formula. The HAC does not immediately stand out from the halo field stars as an easily identifiable feature in velocity space, so we perform a Gaussian Mixture Model (GMM) decomposition of the velocity distribution of the halo tracers used. The likelihood of a velocity v i GSR for a GMM is given by
where θ is the vector of parameters that needs to be estimated for the whole data set and includes the normalisation factors for each Gaussian fj and its Gaussian means and standard deviations µj and σj. This likelihood is maximised using the expectation maximisation algorithm (EM) by Dempster et al. (1977) . The model with the maximum likelihood lnLmax, provides the best description of the data. However, the number of parameters increases as we add Gaussians to the mixture, and in order to choose the best model overall, we need a model comparison technique that 'penalises' models with too many parameters. To find the optimal number of Gaussians that best describe the observed velocity distribution, we evaluate the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) for different values of M; we choose the model where the AIC or BIC is smallest (see top left panel in Figure 4 , which shows the AIC and BIC as a function of M). The AIC and BIC are two analogues methods for comparing models, and they depend on the number of model parameters k, data points N and the maximum value of the data likelihood: AIC= −2lnLmax + 2k, BIC = -2lnLmax + kln(N ).
Studies with BHBs, BS and RR Lyrae (e.g. Xue et al. 2008; Brown et al. 2010; Drake et al. 2013a ) find that the field stellar halo population has a Gaussian velocity distribution roughly centred on 0 km/s with a velocity dispersion in the range 100 and 120 km/s, at Galactocentric radii r < 20 kpc. According to equation 6 in Brown et al. (2010) , the value is close to σv = 103km/s at r = 16 kpc. We therefore include in our GMM a Gaussian with fixed mean at 0 km/s and a fixed velocity dispersion, as explained below.
RR Lyrae
In the top left panel of Figure 3 we show the radial velocities as a function of galacto-centric distance r, where the horizontal bars are the distance uncertainties. In this phase-space configuration, debris from accreted satellites is usually distributed in a typical 'bell-shape' (e.g. figure 2 in Pop et al. 2017) and is expected to overlap with the in situ halo population -given our low number of tracers it is probably not surprising no well-defined substructure pops out immediately. We refer the reader to the Discussion section for an interpretation of this figure. In the same plot, the yellow circles identify the 6 Oosterhoff type II RR Lyrae observed, which amount to only 11% of the spectroscopic sample; the remaining 89% targets are of Oosterhoff type I, in agreement with the conclusions drawn by Simion et al. (2014) who found that the bulk of RRL in the Cloud are type I, the dominant type in the Galactic halo (∼75%) .
The vGSR distribution (blue histogram in Figure 5 ) is best described by a GM with M = 3 Gaussians (black solid curve overlaid on the histogram) where one represents the smooth halo population and the other two are structures centred at µ = −241 km/s and µ = 202 km/s. The central Gaussian is centred on µ = 0 km/s and σ is selected from a range of values between 100 and 120 km/s, with a step of 5 km/s, such that the AIC is minimal. The optimal number of Gaussians M was found computing the AIC as a function of M (see Figure 4) . The properties of the three velocity components are given on the top row of Table 3 . We note that only 4 targets have high probability of belonging to the third population.
Blue Horizontal Branch stars
In the upper right panel of Figure 3 we show the sample of BHBs in a radial phase-space diagram, with distance uncertainties of 5%. In the figure we mark the galactocentric distance r = 11 kpc (dotted line) below which we did not obtain RR Lyrae spectra. Their galactocentric velocity distribution (yellow histogram in Figure 5 The dotted line at r = 11 kpc marks the galactocentric distance below which we do not have RR Lyrae in the spectroscopic sample. The bars on the BS markers indicate the distance the BS would have with a metallicity of -1 (upper limit) or -2.5 dex (lower limit). The distance uncertainties for K-giants are provided by Xue et al. (2014) . Table 3 . The maximum likelihood parameters for the Gaussian mixtures model for single population fits and 3 and 4 populations simultaneous fits. M is the number of Gaussians and N is the number of stars for each tracer. All tracers were selected to be at a distance of at least 5 kpc below the Galactic plane, Z < −5 kpc, and their coordinates are shown in Figure 1 . In the simultaneous fit the centres and the widths of the Gaussians are the same for all populations while the normalisations are fitted independently and are labeled f RR , f BHBs , so our result showing that the BHBs distribution can be described with a single Gaussian with σ typical of the smooth halo population, is not surprising.
Blue stragglers
In the radial phase-space diagram of BS (bottom left panel of Figure 3 ), there are two groups of stars at positive and negative velocities but their distances, D < 14 kpc, are closer than the HAC distance. The large distance uncer- tainties show we do not expect a systematic offset due to the absolute magnitude -metallicity dependence. The best GM model requires 3 Gaussians (AIC/BIC values are shown in the bottom right panel of Figure 4 ) with one component at negative velocities, µ = −219 km/s and one at positive velocities, µ = 126 km/s.
K-giants
The galactocentric velocity distribution of the 39 selected HAC K-giants candidates as a function of distance r is shown in the bottom right panel of Figure 3 . The best GM model requires 2 Gaussians (bottom right panel of Figure 4 ) to fit the velocity distribution, where one represents the halo population and the other one is centred at positive velocities (see Figure 5 and best fit results in Table 3 ). To minimise contamination from thick disc dwarfs in our sample we only chose stars with a probability higher than 80% of being K giants from the catalog provided by Xue et al. (2014) .
We take into account the possibility that the latter population is the thick disc; the disc at l = 40
• , b = −30
• would have a velocity of ∼100 km/s (v disc = 180 sin(l) cos(b)); a test with Galaxia (Sharma et al. 2011 ) which can easily generate thick disc particles in the same region, indicates their velocity distribution peaks at 103 km/s for Z < −5 kpc (gray histogram in Figure 6 ) and 167 km/s for Z > −5 kpc (magenta histogram). It is therefore possible that the high velocity peak is partly due to thick disc stars contamination from the Z > −5 kpc region.
Simultaneous fit of multiple populations
We make the assumption that a Gaussian mixture with three components can describe the velocity distribution of all tracers and perform a simultaneous fit for all 4 populations considered (see the gray curves in the 4 left panels of Figure   5 ), fitting the normalisations of the three Gaussians independently for each population but the centres and the dispersions simultaneously for the three Gaussians in the mixture. The results are reported in Table 3 : in addition to the Halo population best described with a Gaussian with width σ halo = 110 km/s, all tracers allow for two extra components at negative (µ = −226km/s) and positive (µ = 170km/s) velocities respectively. The AIC of the simultaneous fit (AIC = 2250) is comparable to the sum of the AIC of the 4 individual fits (AIC = 2270) an indication that our assumption is correct (note that we have a smaller number of free parameters in the simultaneous fit which decreases the value of the AIC). For completeness, we also show the velocity distribution of all 4 populations combined in one single plot (right panel of Figure 5 ) and, overlaid, the result of a 3 Gaussians Mixture fit (dotted curve) to the total RV distribution. As opposed to the previous GMM which contained 12 normalisations fi, this model only has 3, [f0, f1, f2]=[0.17,0.66,0.17], where the biggest contribution is made by the halo population at 66%. As expected, the velocity dispersions and mean velocities are similar in the two models (see legend in the right panel of Figure 5 and Table 3) .
We also perform a simultaneous fit with 3 Gaussians for the RRL, K-giant and BHB populations alone (excluding the BS stars) and report the values in Table 3 . Here we applied the same heliocentric distance cut on all populations, 15 < D/kpc< 20 (in this region the BS population is too scarce to be included in the fit), to ensure that all the HAC candidates are within the same region, even though their sky coverage is different (RRL follow the CSS footprint while the rest of the tracers the SEGUE footprint). We again fit simultaneously the centres and widths of the Gaussians while the normalisations are fitted independently and we report the values on the last row of Table 3 . The best fit model required a (fixed) σ halo = 115 km/s (but the AIC values were almost identical for smaller σ) and no cold component for the K-giant population. In all the models presented above (and listed in Table 3 ), we can expect the central velocity peak to be caused by the field stellar halo stars and the positive and the negative velocity peaks to be linked to the HAC, in absence of other known structures in the region. The Sagittarius stream, with its almost ubiquitous coverage of the sky, could also contribute minimally to the velocity distribution: according to the Law & Majewski (2010) model, a very small fraction of the stream stars (∼1%) are indeed situated at D < 20 kpc in the region of the sky we have considered. These stars have a mean velocity of 240 km/s so they would (minimally) contribute to the high velocity peak. In addition, Disc stars could also be a contaminant at positive velocities ( Figure 6 ) especially for the least reliable tracers (e.g. K-giants).
DISCUSSION
In this section we assess the possibility that the HAC structure represents debris from a disrupted MW satellite.
We visually inspect a suite of 11 stellar halo models built entirely from accretion events within the context of a ΛCDM universe (Bullock & Johnston 2005) , to find examples of mixed debris in the inner halo (r < 30 kpc) that Figures 1 and 3 . The best fit GMM is marked with dotted lines and each Gaussian in the mixture is marked with continuous lines; the number of Gaussians is specified in the legend. We fit the RV distribution of each tracer individually (black lines) and list the results in first 4 rows of Table 3 . The gray lines (dashed and continuous) refer to the simultaneous fit of all four tracer populations (fifth row in Table 3 ) with 3 Gaussians, where each one has a different normalisation f . Right panel: RV distribution of all 4 populations combined and the best fit GMM which has 3 normalisations (given in the legend), as opposed to the GMM in the left panels which has 12 (listed in Table 3 ). Galaxia: thick disc, Z > -5 k c Galaxia: thick disc, Z < -5 k c SDSS K-giants: Z < -5 k c Figure 6 . RV distribution for the selected sample of K-giants (green). For reference, we show the velocity distribution of thick disc stars simulated with Galaxia, within the same distances and Galactic coordinates as our sample ( Z < −5 kpc, gray histogram) but also for stars closer to the Galactic plane, with Z > −5 kpc (magenta). The distribution close to the Galactic plane has a mean velocity of 167 km/s, while the one further from the plane, of 103 km/s.
look similar to the HAC. We investigate the (l, b) distributions of more than 1000 accretion events, seen from an internal perspective i.e., an Aitoff projection of the material as viewed from the Sun. As an example, we select a spatially well-mixed satellite (object number 100 from the simulation 'halo8', see Figure 7 ) with a luminosity of L ∼ 10 4 L⊙, accreted 11 Gyrs ago. The X-Y, X-Z and Y-Z projections of this satellite (middle panels of Figure 7) show the debris has a well-mixed morphology. It is less luminous and probably older than the accretion event that has generated the HAC, which has an estimated luminosity of 10 5 − 10 7 L⊙. The upper panels of Figure 7 project the simulated particles in observable co-ordinates, as viewed from the assumed location of the Sun -at (X,Y,Z)=(-8,0,0) kpc, marked by the yellow symbol in the middle panels. The l-b plane shows that, from the perspective of the Sun, which sits in the middle of the debris structure, the distinct edges of HAC might be interpreted as caustics (i.e. at (l, b) ∼ (0, ±50
• )) marking the inner boundaries of a much larger density distribution structure that entirely encompasses the disc. The upper right panel of the figure shows the projection of all the simulated particles in line-of-sight velocity and distance from the perspective of the Sun. More realistically, spectroscopic observations are usually limited to a small patch of the sky and to a range of magnitudes therefore they can not map the full extent of the debris. In order to illustrate some possible perspectives on this structure, the coloured points in all panels mark three selections that have been chosen to show the variety of expected velocity distributions that might be seen in a limited area survey. We selected two symmetric fields which roughly correspond to the region where the HAC lies, 20
• < l < 55
• and 25
• (green box in the l − b plane) and 20
• (blue box), in three Heliocentric distance ranges:
• with pink we mark the stars at intermediate distances, 15 < D/kpc< 20, where Simion et al. (2014) found the largest excess of RRL. The mass-weighted velocity distribution of these stars in the Southern field, shown in the bottom right panel of Figure 7 , exhibits two strong peaks: one at positive velocities < v >∼ 180 km/s and one at negative velocities < v >∼ −310 km/s in agreement with the double peaked distribution in RVs of the stellar tracers (the best fit GMM for all 4 populations is shown in gray). The mass-weighted velocity distribution of the stars in the symmetric field in the Northern Hemisphere (bottom left panel of Figure 7 ) has a strong peak at negative velocities and a peak at 180 km/s which is in agreement with the red giant branch (RGB) stars velocities (Belokurov et al. 2007) . It is perhaps not surprising that the velocity distribution of the RGBs in the north is single-peaked instead of double-peaked, if compared to what is expected from this simulation, which in the North is strongly dominated by one velocity peak.
• with blue we mark the points close to the apocenter, at 25 < D/kpc< 35. Here we have the highest density of stars because the debris is most likely to be found at the orbital apocenter of the parent satellite, where the stars spend most of their time. The line-of-sight velocities are broadly distributed around 0 km/s and the kinematic signal of the satellite could be confused to the background halo population (µ halo = 0 km/s).
• with green we mark the points close to the pericenter, at D < 10 kpc. These stars, closer to the Sun, exhibit a uniform velocity distribution.
We conclude that observations of HAC, both in morphology and in the double peaked velocity distributions ap-parent along with the expected halo field population seen in our samples are broadly consistent with the typical properties of debris from a satellite fully-mixed throughout the inner Galaxy. Studies of RR Lyrae probing different regions of this structure could map out how the velocity distribution varies across the sky and hence allow a more specific interpretation in the future.
RESULTS AND CONCLUSIONS
We designed a follow-up program to map the velocity distribution of the HAC, crucial for testing the dynamical predictions of stellar clouds. We measured the radial velocities of 45 RR Lyrae in the southern portion of the HAC using ModSpec on the 2.4m Hiltner telescope at MDM. The observations took place during 6 nights between the 29th of August 2014 and the 3rd of September 2014.
The basic data reduction steps (bias subtraction, flat fielding, wavelength calibration, extraction) were performed using IRAF routines. We have produced a spectral fitting code which we used to successfully model all the co-added RR Lyrae spectra and find the heliocentric radial velocities of the stars. These velocities were then corrected for variations due to stellar pulsations, producing the first large sample of velocities in the HAC.
We have performed a multi-Gaussian decomposition of the velocity distribution in the HAC region and found it is best described by three Gaussians. The kinematic information from other tracers is not in disagreement with our findings with RR Lyrae: in addition to a halo population modeled with a Gaussian centred at 0 km/s and σ = 105 km/s, two other Gaussian components are required at moderately large negative and positive radial velocities (≈ −200 km/s and ≈ +200 km/s).
To provide a possible interpretation for our results, Re have used a suite of N-body simulations from Bullock & Johnston (2005) . The behaviour uncovered in the RR Lyrae sample (and supported, at least in part, by other tracers) is typical of an old accretion event with small apogalactic radius. In these events, at redshift z = 0, the debris is fully wrapped up in phase-space with familiar "chevron" features overlapping. If we are observing the HAC along the debris (for example where the stars marked in pink in Figure 7 are situated) , then the velocity distribution is bound to show an excess at moderate negative and positive velocities, as in the data. However, if we select particles at the apocenters, the velocity distribution would only show a broad component centred on V = 0 km/s, while close to the pericenter the distribution would be almost flat. Mapping the velocity distribution of associated RR Lyrae across the sky would allow a more definitive interpretation of this interesting structure. 
